Abstract. The aim of the study was to assess the relationship between preoperative circulating levels of total serum testosterone and pathological Gleason score and pathological stage in prostate cancer patients who underwent radical retropubic prostatectomy. The levels of total serum testosterone were measured in the morning just before surgery in a group of 201 prostate cancer patients. Multinomial logistic regression models were used to model the association between total preoperative testosterone (individually or in combination with other preoperative predictors such as age, PSA, clinical stage and biopsy Gleason score) and pathological Gleason score, pathological stage in prostate cancer patients. The association between age and total testosterone was modelled by robust regression. The total serum testosterone, in combination with other prognostic factors (age, PSA, clinical stage and biopsy Gleason score) in models, was not statistically significant predictor of pathological Gleason score and pathological stage. The highly significant relationship between age and preoperative total testosterone was observed (p = 0). In prostate cancer patients, the level of total serum testosterone increased with age. In conclusion, total testosterone is not a statistically significant predictive factor for pathological Gleason score and pathological stage.
Introduction
Androgens, male sexual hormones from the group of steroid hormones, have a central role in normal development, growth and maintenance of the physiological function of the prostate (Wilson 2011) .
The most important androgens in males are testosterone and dihydrotestosterone. Testosterone is the principal androgen in circulation, while dihydrotestosterone is the primary nuclear androgen and the most potent androgen in tissue. Approximately 90-95% of testosterone is produced by the Leydig cells of the testis and the remaining portion is produced in the adrenal cortex (Price and Hsing 2010) . In both tissues the androgens are produced by the predominant pathway -the gamma-5 metabolic pathway (Lindzey et al. 1994; Martin and Coffey 1998) . The most of the testosterone (more than 95%) is bound with high affinity to sex-hormone binding globulin (SHBG) (44% of testosterone), and with low affinity to albumin (54% of testosterone) (Price and Hsing 2010; Chandrasekar et al. 2015) . Only a small fraction (1-2%) of the total circulating testosterone is a free and biologically active form (Rove et al. 2014) . Dihydrotestosterone (DHT) is produced from testosterone in the cells of prostate tissue by an enzyme 5α-reductase.
Androgens are acting through the androgen receptor and have an important role in prostate cancer. The essential function of the androgen receptor is to induce growth of the male urogenital structures including prostate, through the activation of androgen-responsive genes. DHT is the most important mitogenic factor in the prostate because it is able to bind to androgen receptors and influence the gene transcription in the nucleus (Price and Hsing 2010) . The testosterone, in comparison with DHT, is able to bind to androgen receptors in the nucleus with lower affinity. DHT forms a more stable receptor-ligand complex (Martin and Coffey 1998) . Once the androgen receptor binds to androgen, it enters an active state and undergoes transactivation (Debes and Tindall 2002) . The elevated activation of the androgen receptor, in normal prostatic tissue as well as prostate cancer tissue, can lead to enhanced cell proliferation, decreased apoptosis and other angiogenic events. It may be associated with increased risk of development of prostate cancer or progression of the disease. Therefore prostate cancer can be considered as disease-dependent on androgen receptors (Rove et al. 2014) .
From birth to puberty, the prostate remains small and immature. During puberty the prostate enlarges up to 10-times compared to the prepubertal size due to increased androgen production (Swyer 1944) . Later, the production of androgens (including testosterone) decreases with age (Matsumoto 2003) .
In 1941, Huggins and Hodges, after observing the benefits of castration in patients with metastatic prostate cancer, showed that both normal cells as well as tumour cells of the prostate are androgen-dependent (Huggins and Hodges 1941) . Later numerous clinical articles and the results of basic research have confirmed the role of androgens in the pathogenesis and progression of prostate cancer, eventually the dependence of prostate cancer on the androgen signalling pathway. Androgens can cause the growth of prostate cancer cells. Androgen deprivation results in the death of tumour cell and tumour regression.
However, there are conflicting clinical data about the role of endogenous testosterone in the development and progression of prostate cancer and its possible predictive power. Several studies have identified no association between the levels of total testosterone and the risk of prostate cancer development or progression. In many studies, the progression of the disease was associated with low or, on the contrary, high levels of total serum testosterone. The association between testosterone levels, prostate cancer risk and progression of prostate cancer is still unclear. These observations prompted us to analyse the association between preoperative total serum testosterone and pathological Gleason score, pathological stage in prostate cancer patients who underwent radical retropubic prostatectomy. The relationship between patient age and total serum testosterone was also evaluated.
Material and Methods

Study populations
The retrospective analysis is based on a group of 201 prostate cancer patients who underwent radical retropubic prostatectomy with or without pelvic lymphadenectomy during the period 2010-2016. None of these patients had received preoperative neoadjuvant hormonal therapy.
Measurements of hormone and other data
All blood samples for testing of total testosterone were taken from each patient in the morning between 7:00 a.m.-10:00 a.m. after a night of fasting just before surgery, in order to avoid any potential methodological flaws caused by circadian variations in concentrations of testosterone. All blood samples were examined in the same laboratory. Preoperative levels of total serum testosterone were measured by a chemiluminescence immunoassay. Preoperative data including age, total serum prostate specific antigen (PSA), clinical stage and biopsy Gleason score were assessed in all patients. Postoperative data include pathological Gleason score and pathological stage. The 2009 TNM classification of prostate cancer (Sobin et al. 2010 ) was used to define clinical stage and pathological stage. Biopsy Gleason score and pathological Gleason score were defined according to Gleason scoring system (Epstein et al. 2005 (Epstein et al. , 2016 .
Statistical analysis
The obtained data were evaluated with a number of statistical methods and analysis. The characteristics of the cohort of patients and categorized groups of patients were made by applying descriptive statistics (minimum, 1 st quartile, median, mean, 3 rd quartile, maximum, standard deviation, interquartile range). According to pathological Gleason score (pGS) in accordance with D' Amico risk of progression classification (D' Amico et al. 1998), we divided patients into following groups: 1) low-risk prostate cancer (pGS≤6); 2) intermediaterisk prostate cancer (pGS=7); 3) high-risk prostate cancer (pGS≥8). Based on pathological stage we divided patients into following groups: 1) tumour localized only in prostate (pT2a, pT2b, pT2c); 2) extracapsular tumour extension with infiltrated bladder neck (pT3a); 3) tumour invades seminal vesicles and other neighbouring structures (pT3b-pT4).We used ANOVA to test whether the mean value of total serum testosterone is the same in all three groups of patients stratified according to pathological Gleason score or pathological stage. Multinomial logistic regression models were used to model the association between total preoperative testosterone (individually or in combination with other predictors such as age, preoperative PSA, clinical stage and biopsy Gleason score), pathological Gleason score and pathological stage in prostate cancer patients. The association between age and total testosterone was modelled by robust regression. All statistical tests were performed with R version 3.2.3 (2015-12-10) (R Core Team 2015). All these tests were two-sided and p < 0.05 was considered statistically significant.
Results
Main clinical and biochemical characteristics of the entire cohort of prostate cancer patients (n = 201) are reported in the Table 1 . Table 2 presents the data related to the relative abundance (n) for stratified groups of patients according to pathological stage and pathological Gleason score.
In the cohort of patients were men aged 46-77 years. We have found that the relationship between age and preoperative total serum testosterone is highly significant (p = 0). The levels of total testosterone are rising with increasing age. The increase in age by one year is associated with approximately 4.7% increase in total testosterone. The association is shown in Figure 1 .
Assessment of the potential relationship between preoperative level of serum total testosterone and pathological Gleason score
Characteristics of groups of patients categorized according to pathological Gleason score, concerning the levels of total serum testosterone, is presented in the Table 3 . The levels of total testosterone are in the range of 1.03-10.52 ng/ml.
We observed that all three groups have almost identical total testosterone levels only with a slight increase in the median of total testosterone. The ANOVA test has confirmed that the mean value of total serum testosterone does not significantly differ between three groups of patients categorized according to pathological Gleason score (p = 0.857).
Subsequently, with respect to the potential use of total testosterone as a prospective predictor of pathologic Gleason score, we evaluated a possible association between total serum testosterone and pathological Gleason score by the multinomial logistic regression model. Based on the results, we can conclude that total serum testosterone is not a statistically significant predictor of pathological Gleason score (p = 0.429). Total testosterone remained statistically nonsignificant even when the other preoperative prognostic factors (age, PSA, clinical stage and biopsy Gleason score) were used in the model (p = 0.756). In this model there are two statistically significant predictors PSA (p = 0.024) and biopsy Gleason score (p = 0).
Assessment of the potential relationship between preoperative level of serum total testosterone and pathological stage
Characteristic of groups of patients categorized according to pathological stage, in the terms of total serum testosterone levels, is presented in the Table 3 . The levels of total testosterone are in the range of 1.03-10.52 ng/ml.
We have observed that all three groups, similarly as in patients categorized according to pathological Gleason score, have almost identical total testosterone levels only with a slight increase in the median of total testosterone. The ANOVA test has confirmed that the mean value of total serum testosterone does not significantly differ between three groups of patients categorized according to pathological stage (p = 0.848).
Subsequently, with respect to the potential use of total testosterone as a prospective predictor of pathologic stage, we evaluated a potential association between total serum testosterone and pathological stage by the multinomial logistic regression model. In the model we also included other preoperative prognostic factors, such as age, PSA, clinical stage and biopsy Gleason score. Results have showed that total serum testosterone in combination with other prognostic factors did not achieve statistically significant predictor status of pathological stage (p = 0.904). This model pointed to three statistically significant predictors: PSA (p = 0), biopsy Gleason score (p = 0) and clinical stage (p = 0.039). Akaike Information Criterion model selection was also used to find possible predictors. According to this criterion, total serum testosterone was not found to be a useful predictor of pathological stage. Only PSA and biopsy Gleason score were selected as predictors of pathological stage. According to OR (Odds Ratio) we can state that a unit increase of PSA rises the risk of moving from the first group (patients with pT2a, pT2b, pT2c) to the second group (pT3a) by 10.8% and also a unit increase of PSA rises the risk of moving from the first group (patients with pT2a, pT2b, pT2c) to the third group (pT3b-pT4) by 13.37%.
Discussion
Androgens have a function in the differentiation and growth of prostate and therefore are considered to play a key role in prostate carcinogenesis. The relation between the prostate cancer and the androgen signalling pathway was demonstrated for the first time in 1941 (Huggins and Hodges 1941) . Since then the prostate cancer has been considered as an androgen-dependent tumour.
Currently, only PSA, clinical stage and biopsy Gleason score are used as common preoperative prognostic factors in the diagnosis and the treatment of prostate cancer. Various studies indicate the important role of these factors in prediction of the pathological condition after radical prostatectomy in prostate cancer patients (Salonia et al. 2011b (Salonia et al. , 2012 Léon et al. 2015) . In our study, we have also confirmed that PSA and biopsy Gleason score are important predictors of pathological Gleason score and pathological stage, but the clinical stage has proved to be significant predictor only of the pathological stage. Other biochemical, hormonal and pathological criteria and more precise preoperative markers are also considered to be helpful to distinguish low-risk prostate cancer from the high-risk prostate cancer. Testosterone is nowadays frequently studied as one of the possible predictors of the risk of the prostate cancer development and progression. The precise association between the level of total serum testosterone (TT), free testosterone (FT), bioavailable testosterone (BT) and pathological signs of prostate cancer is not still fully elucidated and published studies present contradictory results.
Many large studies have found no association between total serum testosterone levels and the overall risk of the prostate cancer (Stattin et al. 2004; Platz et al. 2005; Travis et al. 2007 ; Endogenous Hormones and Prostate Cancer Collaborative Group et al. 2008; Muller et al. 2012 ). On the other hand, the association between serum androgens and certain subtypes of prostate cancer has been observed (Price and Hsing 2010). The relationship between the level of total testosterone and the progression of the disease has been also examined in several studies (Isom-Batz et al. 2005; Travis et al. 2007; Pierorazio et al. 2010; Salonia et al. 2011b; Xylinas et al. 2011; Albisinni et al. 2012; García-Cruz et al. 2012; In our study, we have not found a statistically significant association between the levels of total testosterone and pathological Gleason score or pathological stage. Based on these results, we could state that the level of total preoperative serum testosterone (neither alone nor in combination with other possible predictors) is not a statistically significant predictor of pathological Gleason score or pathological stage.
Similar results were described in several studies containing a heterogeneous group of patients with large spectrum of clinical stages such as in our study, not only patients with localized prostate cancer. These studies stated that there was no significant association between total serum testosterone levels and the low-risk/high-risk prostate cancer, high grade cancer (with a poor prognosis) or positive surgical margins after radical prostatectomy (Sher et al. 2009; Pierorazio et al. 2010; Salonia et al. 2011b; Salonia et al. 2012) .
When the relation between total testosterone and the preoperative prognostic factors was examined, it was revealed that neither total nor free testosterone levels are statistically significantly associated with low grade or high grade prostate cancer (Albisinni et al. 2012) .
On contrary to our observations, other studies have reported an association between the levels of preoperative circulating total testosterone and advanced pathological stage. The high-risk prostate cancer (with advanced pathological stage or high grade or positive surgical margins) has been associated rather with low than high levels of total serum testosterone (Schatzl et al. 2001; Massengill et al. 2003; Isom-Batz et al. 2005; Teloken et al. 2005; Xylinas et al. 2011; Léon et al. 2015) . On the other hand, not all of the records have confirmed these observations (Salonia et al. 2011a (Salonia et al. , 2012 . Salonia et al. (2012) , based on the analysis of 665 men, stated that no total testosterone levels reached the status of a statistically significant predictor of the presence of the positive surgical margins. In some studies a significant association between the low preoperative level of total serum testosterone and the aggressive postoperative pathological condition (high grade and/or advanced pathological stage -extraprostatic enlargement) has been found in men with clinically localised prostate cancer who underwent radical prostatectomy (Massengill et al. 2003; Isom-Batz et al. 2005; Xylinas et al. 2011; Léon et al. 2015) . The study, which has evaluated the association between total testosterone and the prognostic factors of the pathological condition prior to application of the surgical treatment, has found a link between low level of total testosterone (<346 ng/dl) and poor prognostic factors (higher clinical stage and higher risk of disease progression -higher grading). It was based on the stratification of patients according to biopsy Gleason score (bGS≤7 and bGS>7) (García-Cruz et al. 2012) . In one of the mentioned studies, all of the patients (with and without neoadjuvant treatment -326 patients) as well as patients without hormone treatment (59 patients) were analysed. The authors have found the correlation between lower levels of total testosterone and the adverse pathological stage whereas higher levels of total testosterone correlated with the disease limited to the prostate (Isom-Batz et al. 2005) . Although in Leon's study it is initially indicated that there is a link between a low level of total testosterone and the presence of higher pathological Gleason score (pGS≥7), further analysis has showed that only the bioavailable testosterone and free testosterone are significant predictors of the pathological Gleason score (pGS≥7). Low levels of bioavailable testosterone (BT<1.5 ng/ml) and free testosterone (FT<65 pg/ml) significantly correlated with the Gleason score upgrading. However, a link between the hypogonadism (TT<3 ng/ml) and the disease with a high grade has not been found. Also, the nonsignificant correlation between low levels of circulating testosterone and extracapsular extension, testis invasion, positive surgical margins or Gleason score upgrading has been found (Léon et al. 2015) . In comparison with the above mentioned results we can also find different observations in the literature which indicate a higher probability of developing the disease not confined to the prostate (pT3-pT4) in patients with a decreased level of total serum testosterone (TT<3 ng/ml) (Xylinas et al. 2011 ). There has been found a significant association between low levels of testosterone (TT<300 ng/dl) and upgrading, upstanding, adverse disease and positive surgical margins in patients with the low-risk prostate cancer who were actively monitored (Ferro et al. 2017) . In the literature we can find to a lesser extent the opposite findings according to which the risk of high-risk prostate cancer (with high grade pGS≥8) is associated with high preoperative levels of total serum testosterone (division of patients according to median in groups with TT>15.5 nmol/l and TT≤15.5 nmol/l) (Porcaro et al. 2014 ). The results of these studies do not correspond with our results, however, we examined only total serum testosterone levels. The evaluation of variable forms of testosterone such as free testosterone or bioavailable testosterone, was not the subject of our study.
The data in the presented studies (regarding levels of testosterone, pathological Gleason score and pathological stage) are also often evaluated according to different criteria of division whereby there can be differences in the results among different epidemiological studies. Other reasons that could have contributed to the different results are a diversity of methods used for the measurement of data, interpersonal variability and heterogeneity of the prostate cancer. For these reasons, our results have confirmed findings of some studies and contradicted results of other studies.
The age is considered as one of the risk factors of the prostate cancer and serum testosterone levels are not constant during the lifetime, too. This fact complicates the examination of the interaction between the serum hormone levels and the prostate cancer. Although the serum testosterone level decreases with age in men, there is a tendency for an increase in the incidence of prostate cancer (Isbarn et al. 2009; Pierorazio et al. 2010; Porcaro et al. 2014) . The exact level of testosterone in older men, which would be significant in the terms of the effect on prostate cancer etiopathogenesis, is not yet known. Thus, we have focused also on discovering the relation between the age and the level of total serum testosterone in men with the prostate cancer. We observed strongly significant relation between the age and the levels of total serum testosterone. Based on the results, we can conclude that in men diagnosed with the prostate cancer the level of total serum testosterone increases with age, although in healthy men in a postpuberty period it gradually decreases (Matsumoto 2003) . While in younger men a certain amount of androgens is inevitable, in older men diagnosed with the prostate cancer, androgens might have a harmful effect because they support the proliferation of the prostate cancer cells and thus the progression of the disease. The cause of elevated total testosterone levels is not known yet. We can only speculate that it is increased based on certain mechanisms and then it stimulates proliferation of tumour cells in men with the prostate cancer. According to another study, the duration of the androgen exposure or a significant decrease in the level of serum testosterone associated with age can play important role in the prostate cancer development (Lasselin et al. 2013) .
When using the multinomial regression model, while evaluating several prognostic factors (total testosterone, age, prostatic specific antigen, clinical stage, biopsy Gleason score) in terms of their use as possible predictors of pathological Gleason score and pathological stage, we have not found a significant association between the age and pathological Gleason score or the pathological stage. A similar finding has also been reported in other studies (García-Cruz et al. 2012; Porcaro et al. 2014; Léon et al. 2015) . In contrast to our results, Brassell et al. (2011) stated that the pathological stage, upgrading and positive surgical margins were significantly higher in older patients (age ≥70) who had undergone radical prostatectomy. The authors explained the obtained results as a natural progression of undiagnosed prostate cancer or hormonal changes associated with the age. Another study highlighted the strong connection between the age, levels of testosterone and the probability of the development of the high-risk disease (Pierorazio et al. 2010) . They report that high or even normal serum testosterone levels could relate to the development of the high-risk prostate cancer in older men.
The advantage of our study is that we were observing a homogeneous group of patients of the same race which had a large spectrum of clinical stages and pathological stages or grades. When ascertaining the associations, we have not been evaluating the testosterone levels in relation to preoperative prognostic factors but rather in relation to the pathological Gleason score. Gleason score is considered to be the most important prognostic prostate cancer factor because it predicts the biochemical reoccurrence, formation of metastasis and prostate cancer -specific mortality better than the basic PSA, PSA doubling time and the pathological stage (Hull et al. 2002; Freedland et al. 2005; Cuzick et al. 2006) .
The limitation of this study is the single assessment of concentrations of circulating serum testosterone in every patient which may not be fully clinically reliable. In these patients, there have not been evaluated clinical data such as diabetes, thyroid disease, hyperprolactinemia, hypoalbuminemia, liver disease, obesity and metabolic syndrome, which may affect some biochemical data and thereby distort the results. When analysing the connection between serum androgens and the prostate cancer it would be appropriate to focus, besides total serum testosterone, also on its variable forms -free testosterone and bioavailable testosterone. In general, these forms reflect the clinical situation more accurately than total testosterone (Salonia et al. 2011b ).
In conclusion, we have found the strongly significant relation between the age and the level of total serum testosterone in prostate cancer patient. We can state, that androgens acting through the androgen receptors have an important role in prostate cancer. On the other hand, total serum testosterone is not statistically significant predictive factor for pathological Gleason score and pathological stage. Some studies suggest that variable forms of testosterone such as free testosterone, bioavailable and percentage of free testosterone, rather than levels of total testosterone, what might be associated with pathological condition (pathological Gleason score and pathological stage) of prostate cancer. Further studies are needed to investigate the role of testosterone and its variable forms in the development of prostate cancer and also their prognostic potential because these data can be useful for assessing treatment response and the choice of optimal treatment in prostate cancer patients.
